We present a comparison of star formation rates (SFR) determined from mid-infrared 7.7 µm PAH luminosity [SFR(PAH)], from 1.4 GHz radio luminosity [SFR(radio)], and from far ultraviolet luminosity [SFR(UV)] for a sample of 287 starburst galaxies with z < 0.5 having Spitzer IRS observations. The previously adopted relation log [SFR(PAH)] = log [νL ν (7.7 µm)] -42.57±0.2, for SFR in M ⊙ yr −1 and νL ν (7.7 µm) the luminosity at the peak of the 7.7 µm PAH feature in ergs s −1 , is found to agree with SFR(radio). Comparing with SFR(UV) determined independently from ultraviolet observations of the same sources with the GALEX mission (not corrected for dust extinction), the median log [SFR(PAH)/SFR(UV)] = 1.67, indicating that only 2% of the ultraviolet continuum typically escapes extinction by dust within a starburst. This ratio SFR(PAH)/SFR(UV) depends on infrared luminosity, with form log [SFR(PAH)/SFR(UV)] = (0.53±0.05)log [νL ν (7.7 µm)] -21.5±0.18, indicating that more luminous starbursts are also dustier. Using our adopted relation between νL ν (7.7 µm) and L ir , this becomes log [SFR(PAH)/SFR(UV)]= (0.53±0.05)log L ir -4.11±0.18, for L ir in L ⊙ . Only Blue Compact Dwarf galaxies show comparable or greater SFR(UV) compared to SFR(PAH). We also find that the ratio SFR(PAH)/SFR(UV) is similar to that in infrared-selected starbursts for a sample of Markarian starburst galaxies originally selected using optical classification, which implies that there is no significant selection effect in SFR(PAH)/SFR(UV) using starburst galaxies discovered by Spitzer. These results indicate that SFRs determined with ultraviolet luminosities require dust corrections by a factor of ∼ 10 for typical local starbursts but this factor increases to > 700 for the most luminous starbursts at z ∼ 2.5. Application of this factor explains why the most luminous starbursts discovered by Spitzer at z ∼ 2.5 are optically faint; with this amount of extinction, the optical magnitude of a starburst having f ν (7.7 µm) of 1 mJy should be V ∼ 25.6.
Introduction
The evolution of star formation in the universe is described by determining the total luminosity density arising from young stars as a function of redshift (e.g. Madau et al. 1998; Haarsma et al. 2000; Calzetti et al. 2007) . Various studies have attempted to measure cosmic evolution of this star formation rate (SFR) by locating galaxies using ultraviolet, optical, and near-infrared techniques (e.g. Martin et al. 2007; Le Floc'h et al. 2005; Mannucci et al. 2007; Weedman and Houck 2008) . Because star-forming galaxies are discovered in various ways, it is vital to compare various methods for measuring the SFR in a galaxy. The galaxies which we are studying in the present paper have their observed multiwavelength spectral characteristics determined primarily by on-going, luminous star formation. For this reason, we use the classification "starburst galaxies", or "starbursts". The starbursts which we include have SFRs ranging from ∼ 0.1 M ⊙ yr −1 to ∼ 1000 M ⊙ yr −1 .
Initial determinations of the evolution of SFR in the universe were based on optical observations which reveal rest-frame ultraviolet luminosities of starbursts at high redshifts (Madau et al. 1998) . Uncertain corrections for extinction are the greatest limitation of such studies, and the significance of dust obscuration has become increasingly emphasized by the large populations of starbursts being discovered among the dusty sources found by the Spitzer Space Telescope (Spitzer). These "dust obscured galaxies" (Dey et al. 2008 ) are revealed in various surveys at 24 µm with the Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al. 2004 ) combined with 3 µm to 8 µm photometry with the Spitzer Infrared Array Camera (IRAC; Fazio et al. 2004 ).
Luminous, dusty galaxies discovered with MIPS and IRAC have been characterized by spectra with The Infrared Spectrograph on Spitzer (IRS; Houck et al. 2004 ) to redshifts z ∼ 3. The starburst sources have a mid-infrared spectrum dominated by emission from Polycyclic Aromatic Hydrocarbons (PAH) (e.g. Yan et al. 2007; Weedman et al. 2006; Farrah et al. 2008; Pope et al. 2008) .
It is especially important to have methods for measuring SFR at high redshifts using various observations enabled by Spitzer because the mid-infrared luminosity is often the only measure available for starbursts in these luminous, distant, and heavily extincted sources. A technique to measure SFR in many mid-infrared sources using a consistent parameter is to use the luminosity of the PAH features, because these arise in the photodissociation region -3 -at the inner edge of the dusty molecular clouds surrounding the starburst (Peeters et al. 2004 ).
In the present paper, we use a measurement of PAH luminosity to determine the SFR as measured in the infrared [SFR(PAH) ] in order to compare with independent measures of SFR that arise from ultraviolet continuum data [SFR(UV)] and radio continuum data [SFR(radio) ]. This comparison is enabled by the large number of starburst galaxies which have now been observed by the Spitzer IRS and also by the Galaxy Evolution Explorer (GALEX, Martin et al. 2005) and at 1.4 Ghz by the Very Large Array, primarily in the FIRST survey (White et al. 1997) . We also utilize and classify the available optical spectra from the Sloan Digital Sky Survey (SDSS, Gunn et al. 1998 ).
Our comparison of SFR(PAH), SFR(radio), and SFR(UV) has three primary objectives: 1. to test the validity of the infrared PAH calibration of SFR; 2. to derive an estimate of extinction for the ultraviolet luminosity by an empirical measurement comparing SFR as measured in the infrared and the ultraviolet; 3. to determine if infrared-discovered starbursts are similar in dust content to starbursts discovered with other techniques. We make these comparisons using a total sample of 287 starburst galaxies with Spitzer IRS spectra, described below.
As a control sample for comparison to these starbursts chosen because they have infrared observations, we use the original list of starburst galaxies derived from the Markarian galaxy sample and classified as starbursts with optical spectroscopy (Balzano 1983 ). This sample was selected without knowledge of infrared characteristics and was discovered as galaxies having unusually bright continua in the visible ultraviolet (Markarian 1967) . Infrared flux densities measured at 25 µm by the Infrared Astronomical Satellite (IRAS) are compared to GALEX fluxes for a sample of 76 Markarian galaxies as a test of whether there are different results for SFR(PAH)/SFR(UV) when using the optically-discovered Markarian sample compared to the infrared-discovered Spitzer sample.
Sample Selection and Observations

2.1.
Spitzer IRS Observations A summary of 243 starbursts with IRS spectra and determinations of SFR(PAH) is given by Weedman and Houck (2008) . For comparison with GALEX and radio data, we consider only the 49 galaxies in this sample having z < 0.5 and not included by Brandl et al. (2006) . The redshift limit is chosen both to enable measurements at an accessible ultraviolet rest-frame wavelength using the GALEX data, and to have a sufficiently bright sample that -4 -most of the Spitzer sources are detected with GALAX and VLA observations. The Brandl et al. starbursts are omitted, because part of our objective is to test the calibration for SFR determined from these galaxies. Also, they are all resolved sources with the IRS, so uncertain aperture corrections would have to be applied for comparison to GALEX and VLA data. The 49 sources which we use from Weedman and Houck (2008) are listed in Table 1 , identified by footnote.
To increase substantially the sample of Spitzer starbursts, we have extracted new IRS spectra from the archival data of two Spitzer Legacy Programs. The first is program 30742 (D. Schiminovich, P.I.). This program was designed to obtain IRS observations for sources within the Lockman Hole Field of the Spitzer Wide Area Infrared Extragalactic survey (SWIRE, Lonsdale et al. 2003 ) that also have measured fluxes from GALEX. This program contains 101 sources with IRS spectra. The second Legacy Program is program 40539 (G. Helou, P.I.) designed to obtain a flux limited sample from various Spitzer survey fields of sources with f ν (24 µm) > 5 mJy. This program contains 330 sources.
We extracted IRS spectra of all 431 sources in the two programs described above to find those sources which satisfy our criterion for a "pure starburst". As in previous IRS studies of starbursts Houck et al. 2007; Weedman and Houck 2008, 2009 ), this criterion for selecting sources whose mid-infrared spectrum is dominated by luminosity from a starburst (without being contaminated by AGN luminosity) is having equivalent width (EW) of the 6.2 µm PAH feature be EW(6.2 µm) > 0.4 µm. The origin of this criterion is explained further in section 3.1, below.
All of our new spectral extractions were done with the SMART analysis package (Higdon et al. 2004) , beginning with the Basic Calibrated Data products of the Spitzer flux calibration pipeline, using the most recent version of calibration applied to the sources (either v.15 or v.17) . Because our objective was only to measure the PAH luminosity, we extracted only the IRS short-low spectra, which extend to ∼ 14 µm. From the spectral extractions, we measured the redshift as determined from the PAH features at 6.2 µm, 7.7 µm, and 11.3 µm; measured the f ν (7.7 µm); and measured the rest-frame equivalent width of the 6.2 µm feature, EW(6.2 µm). Results are in Table 1. For the 101 sources in program 30742, 75 sources are found to satisfy the criterion of EW(6.2 µm) > 0.4 µm. These 75 sources are in Table 1 , identified by footnote. All of these sources have SDSS spectra available. All show optical spectra classified as "HII", because the emission lines are narrow and the Hβ emission line is strong compared to the higher ionization [OIII] lines. This confirms the clear and strong correlation between the optical classification as a starburst and the presence of strong PAH emission.
For the 330 sources in program 40539, 152 sources are found to satisfy the starburst criterion EW(6.2 µm) > 0.4 µm. These 152 sources are in Table 1 , identified by footnote. SDSS spectra are available for 57 of these sources, and all show optical spectra classified as "HII".
Finally, we include 11 blue compact dwarfs (BCDs) from Wu et al. (2006) for which we extracted spectra to measure f ν (7.7 µm). Most of these sources do not satisfy the EW(6.2 µm) > 0.4 criterion because PAH features are systematically weak in BCDs. We include these to have a sample of low luminosity sources. Adding these BCDs yields the total of 287 starbursts given in Table 1 .
Uncertainties in the measurement f ν (7.7 µm) for these sources arise from uncertainties in the Spitzer flux calibration, which is typically ± 5%, and uncertainties in fitting the value of the PAH peak at 7.7 µm. For sources as bright as those we include, the combination of these uncertainties leads to a typical observational uncertainty in the infrared flux and luminosity measures of ± 10%.
GALEX and VLA Observations
The GALEX mission is an all-sky survey satellite which obtains images in the ultraviolet at wavelengths 134-179 nm (FUV) and 177-283 nm (NUV) (Martin et al. 2005) 1 . Point source images have full width at half maximum (FWHM) of 4.2 ′′ for FUV and 5.3 ′′ for NUV (Morrissey et al. 2005) . For the Spitzer IRS, spatial resolution is wavelength dependent, so the FWHM of an unresolved source at the observed wavelength of the 7.7 µm feature depends on source redshift and is 3 ′′
FWHM 5
′′ . GALEX surveys report a one sigma positional uncertainty of 0.5 ′′ (Agüeros et al. 2005) and Spitzer surveys have a one-sigma uncertainty of 0.4 ′′ (Fadda et al. 2006 ).
These image sizes mean that the spatial resolutions of GALEX and Spitzer observations are well matched. Any mismatch does not affect measured fluxes for point sources, although there may be aperture-dependent effects between reported fluxes within the observing apertures if sources are very extended compared to the spatial resolution. To avoid such uncertainties, we do not include in Table 1 any sources which are well resolved by the IRS (which is one reason why the nearby starburst galaxies in Brandl et al. (2006) are not included), so the comparison of fluxes for Spitzer and GALEX should not be significantly -6 -affected by the slightly differing spatial resolutions, even for any sources that are partially resolved.
A more significant source of uncertainty is determining whether Spitzer and GALEX have detected the same source. Confusion would arise, for example, if there were a highly obscured starburst found by Spitzer but a less obscured, nearby starburst seen by GALEX. To minimize this uncertainty, we use a positional-coincidence criterion. Of the 287 Spitzer infrared sources in Table 1 , 283 were included in GALEX observations. Of these 283 sources, 272 infrared sources in Table 1 have GALEX identifications to within 3 ′′ , and the GALEX observations for these sources are tabulated. Sources with positional differences > 3 ′′ are not tabulated because the GALEX source is outside the half-power location of the Spitzer observing aperture.
The differences in position between Spitzer and GALEX are shown in Figure 1 for all sources compared to source flux densities. For the 272 sources with distance < 3 ′′ , the median difference between GALEX and Spitzer positions is only 0.64
′′ . This value is comparable to the quoted positional uncertainties, which gives confidence that the same starbursts are observed in both infrared and ultraviolet.
The observed flux density at rest frame FUV wavelength of 153 nm [used for determining SFR(UV)] is determined by using the GALEX observed flux densities at FUV (effective wavelength 153 nm) and NUV (effective wavelength 227 nm) to fit a power law continuum between these wavelengths, and then interpolate to the flux density at observed wavelength (1+z)153 nm using the resulting power law index. This is the value of f ν (FUV) listed in Table 1 .
For comparing infrared flux densities to radio flux densities, similar considerations for spatial resolution and positional coincidence apply. Most of the radio detections are from the FIRST survey (White et al. 1997) , and the remainder are from targeted observations with the VLA (Condon et al. 2003) . These surveys give spatial resolution with FWHM ∼ 5 ′′ , so the same positional criterion (agreement to within 3 ′′ ) is used for radio and infrared sources as for UV and infrared sources. Of the sources in Table 1 , 38% have radio detections. The radio limit which is used for sources that are not detected at 1.4 GHz is the 1 mJy limit of the FIRST survey. Radio observations are corrected to rest frame 1.4 GHz by assuming a power law spectrum of index α = -0.7. Results for the radio luminosities are in Table 1. -7 -3. Discussion
SFR from PAH Luminosities
Many previous studies have shown a well defined correlation between the presence of PAH features in the mid-infrared spectrum and the presence of a starburst as classified in other parts of the spectrum (e.g. Genzel et al. 1998; Rigopoulou et al. 2000; Brandl et al. 2006) . This correlation occurs because the PAH emission arises in the photodissociation region that lies between the HII region of a starburst and the surrounding molecular cloud within which the stars formed. The exceptional uniformity among the PAH spectrum of starburst galaxies is illustrated in Figure 2 . This Figure shows the overplotted, normalized IRS spectra of all 25 sources having an optical SDSS classification as starburst which are included within a Spitzer flux limited sample defined only by f ν (24 µm) > 10 mJy (Weedman and Houck 2008) .
The PAH features arise from vibrational modes in the complex PAH molecules (e.g. Peeters et al. 2002) . Variations in the intensity and hardness of the radiation field within starbursts change the relative strengths of the PAH features, but these changes are not great in the integrated spectra of starbursts, as seen in Figure 2 . The 6.2 µm and 7.7 µm features have very similar relative strengths, for example, because both arise from the CC stretching mode vibration. By contrast, the relative strength of the 11.3 µm feature has greater variation because it arises from the CH bending mode.
Spitzer IRS spectra have been used to measure the SFR based on PAH measures and empirical calibration between PAH luminosities and bolometric luminosities (e.g. Brandl et al. 2006; Pope et al. 2008; Houck et al. 2007; Weedman and Houck 2008) . The latter two papers describe and utilize the measure of PAH luminosity νL ν (7.7 µm), where L ν (7.7 µm) is determined only from the flux density at the peak of the 7.7 µm feature.
The motivation for this measure of PAH luminosity is illustrated by the spectra in Figure 2 . The PAH features are complex and blended. Determining the total luminosity of any single feature requires deblending and adopting a level for the underlying continuum of dust emission. While such sophisticated deblending can be undertaken with sufficient S/N (Smith et al. 2007) , it is not possible to do accurately in sources of limited wavelength baseline or poor S/N. Because of the objective to measure PAH strength in high redshift sources with poor S/N and limited rest frame wavelength coverage, Houck et al. (2007) and Weedman and Houck (2008) define the PAH luminosity simply as νL ν (7.7 µm).
The measure νL ν (7.7 µm) is not a measure only of the PAH luminosity, as would be an integrated measurement of a deblended PAH feature. The measure based on peak νL ν (7.7 -8 -µm) includes some contribution from the dust continuum underlying the PAH feature. As illustrated in Figure 2 , this contribution is negligible. For the representative continuum fit illustrated, this continuum contribution is < 10% of the peak f ν (7.7 µm). For our use of νL ν (7.7 µm) as a measure of SFR, separating the PAH contribution from the dust continuum contribution is irrelevant so long as the dust continuum is also produced by the starburst. This is the case because the calibration of SFR(PAH) in Houck et al. (2007) is done empirically using the total νL ν (7.7 µm), which includes both PAH and dust contributions.
Systematic error in this use of νL ν (7.7 µm) to measure SFR(PAH) will arise only if the dust continuum has a significant contribution from dust heated by an AGN. In this case, the underlying dust continuum will be enhanced, and νL ν (7.7 µm) will be artificially increased compared to that for a pure starburst. This would lead to an overestimate of SFR(PAH). To avoid this uncertainty, we deal only with sources which have sufficiently strong PAH features that they are pure starbursts without an AGN contribution to the mid-infrared continuum. As discussed in Houck et al. (2007) and Weedman and Houck (2008) , the criterion for such starburst-dominated sources is that the EW of the 6.2 µm PAH feature exceed 0.4 µm in the source rest frame.
This criterion arises empirically from EW(6.2 µm) of the starbursts in Brandl et al. (2006) classified optically and from the starbursts in Weedman and Houck (2008) which have SDSS optical classification as starbursts. This quantitative criterion is also verified by the synthetic spectra in Weedman and Houck (2008) which combine the prototype starburst NGC 7714 with the AGN Markarian 231 and show that the starburst fraction of νL ν (7.7 µm) exceeds 90% when EW(6.2 µm) > 0.4 µm. The sources we utilize in the present paper are sufficiently bright that the EW(6.2 µm) can be reliably measured, and these are given in Table 1 . While we could, therefore, use the total integrated luminosity in this feature as the measure of SFR for the sources in Table 1 , a major objective of our study is to allow comparison of these sources to the many fainter sources discovered by Spitzer at higher redshifts. For these faint sources, f ν (7.7 µm) is a much more reliable observational measurement than is the total integrated flux in the 6.2 µm feature.
To restrict the present analysis to sources for which we can be confident are dominated by a starburst, we also use the criterion of EW(6.2 µm) 0.4 µm. The only exception are 11 BCDs which are included from Wu et al. (2006) ; these systematically have weaker PAH features than more luminous starbursts, although the BCDs show no spectral evidence of an AGN contribution. The EW criterion used for the remaining starbursts is confirmed by the fact that all of the sources in Table 1 which have SDSS spectra show spectra classified as "HII", with no indication of an AGN of any type.
For sources with a mid-infrared spectrum arising only from a starburst, the luminosity -9 -νL ν (7.7 µm) relates empirically to the total infrared luminosity of the starburst, L ir , according to log L ir = log [νL ν (7.7 µm)] + 0.78 (Houck et al. 2007) . This transformation has no dependence on luminosity, as is seen by combining the IRAS-derived L ir for the local, low luminosity starburst sample of Brandl et al. (2006) with the high luminosity, high redshift submillimeter galaxies in Pope et al. (2008) . Using the relation from Kennicutt (1998) , this result for L ir yields that log [SFR(PAH)] = log [νL ν (7.7 µm)] -42.57±0.2, for νL ν (7.7 µm) in ergs s −1 and SFR in M ⊙ yr −1 .
SFR from PAH Luminosities Compared to SFR from Radio Luminosities
The measurement of SFR(PAH) using νL ν (7.7 µm) has been used to measure the local SFR density of the universe (Houck et al. 2007) and to measure the evolution of starbursts (Weedman and Houck 2008) . It was found, for example, that star formation in the most luminous starbursts evolves as log[SFR(PAH] = 2.1(±0.3) + 2.5(±0.3) log(1+z), up to z = 2.5 for SFR(PAH in M ⊙ yr −1 . In the present paper, our primary objective is to compare SFR(PAH) with SFR(UV). Both to verify the previous conclusions based on SFR(PAH) and to undertake comparison with SFR(UV), it is useful to test the validity of the relation described above for SFR(PAH). Houck et al. (2007) showed that this relation was consistent to within ∼ 10% for measure of SFR as determined from the luminosities of the infrared [Ne II] and [Ne III] lines (Ho and Keto 2007) , which arise in the HII region surrounding the starburst. Also, Houck et al. (2007) showed that the empirical calibration of νL ν (7.7µm) to SFR leads to a measure of the integrated SFR in the local universe that is consistent with that measured for starburst galaxies using different samples and techniques for measuring SFR from infrared continuum luminosity. Comparison with SFR determined with radio observations can provide an additional test of SFR(PAH).
The demonstration of a well defined correlation between far-infrared flux measured by IRAS and 1.4 GHz flux density from various radio observations (Helou et al. 1985) led to a calibration of SFR(radio) as measured by 1.4 GHz luminosity (Condon 1992) . (Radio luminosity from a starburst arises primarily from the non-thermal luminosity of supernova remnants, and the number of such remnants relates to the SFR of the starburst.) This relation is log [SFR(radio)] = log [νL ν (1.4 GHz)] -37.07, for νL ν (1.4 GHz) in ergs s −1 and SFR(radio) in M ⊙ yr −1 .
Fundamentally, the calibration of SFR(radio) and the calibration of SFR(PAH) based on νL ν (7.7 µm) both arise from the premise of Kennicutt (1998) who equates the total -10 -bolometric luminosity radiated by dust to the bolometric luminosity of the young stars in the starburst. Nevertheless, the calibrations of SFR(radio) and SFR(PAH) arise through different routes and using different sources so provide an independent consistency check on one another.
Star formation rates SFR(PAH) measured with νL ν (7.7 µm) and SFR(radio) measured with νL ν (1.4 GHz) are given in Table 1 . Of the 287 infrared sources in Table 1 , only 108 have actual radio detections. For the remainder, SFR(radio) is determined as an upper limit assuming f ν (1.4 GHz) < 1 mJy. For these sources, SFR(PAH)/SFR(radio) is a lower limit.
The comparison of SFR(PAH)/SFR(radio) for the detected radio sources is shown in Figure 3A . Sources range over a factor of 10 5 in luminosity but only a factor of 10 3 without the BCDs. The median value of the ratio log [SFR(PAH)/SFR(radio)] = 0.0 for these detected sources. This indicates precise agreement between SFR(PAH) and SFR(radio) for starbursts, and there is no statistically meaningful dependence on luminosity for the starbursts which are not BCDs.
Only the BCDs depart from the agreement between SFR(PAH) and SFR(radio). This result arises primarily because of the known weakness of PAH features in some BCDs (Wu et al. 2006; Izotov and Thuan 1998) , so that SFR(PAH) based on νL ν (7.7 µm) underestimates the true SFR.
The sources in Table 1 without radio detections are plotted as limits in Figure 3B , using 1 mJy as the limit for f ν (1.4 Ghz). The limits on SFR(PAH)/SFR(radio) shown in Figure  3B are in the sense that the actual SFR(PAH)/SFR(radio) would be greater than the limit plotted. The distribution of limits has a median slightly smaller than the median of 0.0 for detected sources, which is as expected for the limits.
SFR Determined from PAH Luminosities Compared to SFR from GALEX Ultraviolet Luminosities
The most direct measurement of SFR in a starburst is to observe the ultraviolet continuum luminosity from the young, hot stars in the starburst (e.g. Salim et al. 2007; Treyer et al. 2007) . The primary difficulty in obtaining SFR(UV) in this way is in determining the fraction of the observed luminosity which has been absorbed by intervening dust. Corrections for this dust extinction can be determined observationally by measuring the reddening of the spectrum, using the Balmer decrement for example, and then using an extinction law to relate reddening to total extinction (Treyer et al. 2007) . Such corrections cannot account, however, for luminosity sources so extinguished that they make no -11 -contribution to the observed spectrum from which reddening corrections are determined.
The same dust that absorbs ultraviolet luminosity from these "buried" sources produces infrared luminosity. By comparing the infrared luminosity from the buried starburst with the observed ultraviolet luminosity, a direct measurement is made of the fraction of intrinsic ultraviolet luminosity which is absorbed. It is this comparison that we undertake by comparing SFR(UV) and SFR(PAH), using only the observed ultraviolet luminosity without applying any corrections for dust attenuation. Salim et al. 2007) . This is the intrinsic value, without applying any extinction corrections to the ultraviolet. For convenient comparison to SFR(PAH) and SFR(radio) in Table 1 , we convert this to log [SFR(UV)] = log νL ν (FUV) -43.26, for νL ν (FUV) in ergs s −1 and SFR in M ⊙ yr −1 , using f ν (FUV) determined as described above in section 2.2 for the FUV rest frame wavelength of 153 nm.
SFR(UV) is determined using the relation SFR(UV
The relations for SFR(PAH) and SFR(UV) also describe the correspondence between intrinsic flux νf ν (7.7 µm) for the PAH feature and FUV magnitude which should arise from the same starburst. If SFR(PAH) = SFR(UV), and there is no extinction of the ultraviolet, log f ν (FUV) = log f ν (7.7 µm) -1.01. When compared to an infrared source for which f ν (7.7 µm) is 1 mJy, the intrinsic FUV magnitude of the same starburst in the AB system would be 18.5 (using the transformation AB = -2.5log f ν -48.60, for f ν in ergs cm 2 s −1 Hz −1 .)
The comparison SFR(PAH)/SFR(UV) for the sources in Table 1 is shown in Figure 4 . In contrast to the close agreement between SFR(PAH) and SFR(radio) shown in Figure 3 , there is a very large offset between SFR(PAH) and SFR(UV) in Figure 4 . The median log [SFR(PAH)/SFR(UV] = 1.67. If this entire offset is caused by extinction of the ultraviolet luminosity, the median result indicates that only 2% of the ultraviolet luminosity escapes the starburst, or that SFR(UV) would be underestimated by a factor of 50 if extinction were not considered.
The median value is determined primarily by the large number of sources with log νL ν (7.7 µm) > 43. There is, however, a significant luminosity dependence in the ratio SFR(PAH)/SFR(UV). Fitting all of the points in Figure 4 yields the result: log [SFR(PAH)/SFR(UV)]= (0.53±0.05)log [νL ν (7.7 µm)] -21.49±0.18, for νL ν (7.7 µm) in ergs s −1 .
-12 -
The quoted errors arise only from the fitting of the line in order to demonstrate the intrinsic dispersion of the ratio SFR(PAH)/SFR(UV) among different starbursts; uncertainties for individual points are not included in the quoted errors.
The most luminous starbursts are those which have been found by Spitzer at z ∼ 2.5. The luminosities scale with redshift (Weedman and Houck 2008) , with log [νL ν (7.7 µm)] = 44.63 + 2.5log (1+z). At z = 2.5, the most luminous starburst from this relation has log νL ν (7.7 µm) = 46. Equation (1) This very large ultraviolet extinction is consistent with the observation that the population of luminous Spitzer sources at high redshift are very faint when observed optically (Dey et al. 2008) . At z = 2.5, the rest frame FUV wavelengths correspond approximately to observed V magnitude. The brightest obscured infrared sources at z = 2.5 have f ν (7.7 µm) ∼ 2 mJy in the observed frame. According to the relation given above between 7.7 µm flux and rest frame ultraviolet magnitude, such a source with a factor of 700 extinction would have optical V mag. ∼ 24.9.
As was also the case for SFR(PAH)/SFR(radio) in Figure 3 , the low luminosity BCDs in Figure 4 show systematically smaller values of SFR(PAH)/SFR(UV). This result indicates low ultraviolet extinction in BCDs combined with weak PAH features. Various explanations related to low metallicity have been suggested to explain the weakness of PAH features in BCDs (Wu et al. 2006; Izotov and Thuan 1998 ). An alternative explanation for weak PAH features based on the observation of little extinction is that the HII regions are not ionization bounded, implying that the starbursts in BCDs are not enveloped by the dusty molecular clouds which produce the photodissociation region where PAH features arise in more luminous starbursts.
The same calibration of SFR(PAH) which we use was used by Houck et al. (2007) to determine the SFR density in the local universe from a complete, flux limited sample of Spitzer sources. The result was 0.008 M ⊙ yr −1 Mpc −3 . The local SFR determined with GALEX results was measured as 0.003 M ⊙ yr −1 Mpc −3 without ultraviolet extinction corrections (Iglesias-Paramo et al. 2006) , and increases to 0.016 M ⊙ yr −1 Mpc −3 with an assumed extinction correction of a factor of ∼ 5. Based on comparisons with other infrared-derived measures of the local SFR density, Houck et al. consider their result based on SFR(PAH) to be underestimated by perhaps a factor of two because of the small number of low luminosity sources in their sample. This implies that SFR(PAH) and SFR(UV) are consistent when extinction by a factor of 5 is applied to the ultraviolet data.
Why is this extinction correction by a factor of 5 for the local SFR so different from the -13 -median factor of 50 in SFR(PAH)/SFR(UV) in Figure 4 ? The answer is in the luminosity dependence for SFR(PAH)/SFR(UV). The SFR for the local sample (Houck et al. 2007 ) is dominated by galaxies with 10 9 < L ir < 10 10 L ⊙ . At these luminosities in Figure 4 , 4 < SFR(PAH)/SFR(UV) < 16, which is consistent with the local correction of ∼ 5 applied for ultraviolet extinction.
This result indicates that an infrared-discovered sample of dusty starbursts may contain extinction that is somewhat greater than that found in ultraviolet-discovered galaxies, but this excess extinction is less than a factor of two compared to the extinction within ultraviolet-discovered galaxies. This consistency is evidence that results we find for starburst galaxies discovered in the infrared with Spitzer can be used to consider the nature of starburst galaxies in general. As a further test of this conclusion, we now consider a more detailed comparison with dust extinction in ultraviolet-selected galaxies.
Dust Corrections for SFR(UV)
The relations used above to determine SFR(PAH) and SFR(UV) derive from independent assumptions and modeling regarding the stellar composition of starbursts. It would not be surprising if these independent approaches led to different values for SFR in a starburst. We have assumed in our interpretation, however, that both approaches should give the same result for SFR and that the only differences arise from dust attenuation of the ultraviolet luminosity. In order to test this assumption, we now consider independent measures of dust attenuation to determine if our conclusions regarding the amount of extinction by dust are consistent with other estimates.
The result in equation (1) and the distribution of points in Figure 4 indicates that the measured values for SFR(PAH)/SFR(UV) without corrections to SFR(UV) for dust extinction scale with starburst luminosity, such that SFR(PAH)/SFR(UV) is dependent on (starburst luminosity) 0.53 . If the ratio SFR(PAH)/SFR(UV) differs only because of differing dust extinction for the observed SFR(UV), this indicates that more luminous starbursts are also more dusty, which is one of our most important results. For example, the points in Figure 4 indicate that dust extinction is negligible in starbursts of log[νL ν (7.7 µm)] ∼ 41 (typical luminosity of BCDs) but that dust extinction can reach a factor of 1000 in the most luminous starbursts.
Our conclusion depends on the interpretation that the difference between observed values of SFR(PAH) and SFR(UV) arises only because of dust extinction of some fraction of intrinsic ultraviolet luminosity from the starburst. This interpretation can be checked -14 -independently of our result. Estimates of the dust extinction corrections that should be applied for ultraviolet luminosity have previously been made using extensive collections of galaxy SED templates to compare L ir to the total observed ultraviolet luminosity, L uv , from galaxies Buat et al. (2007) . The ratio L ir /L uv derived in this way is a measure of dust extinction which is equivalent to our measure SFR(PAH)/SFR(UV). These previous results also indicate a luminosity dependence for the dust extinction (Buat et al. 2007 ).
The fundamental principle in using L ir /L uv to measure dust attentuation of ultraviolet luminosity is that all infrared luminosity from a starburst arises from re-radiation by dust of ultraviolet luminosity which has been absorbed. The total luminosity radiated by the starburst is then measured as L ir + L uv . This sum is the same as the intrinsic ultraviolet luminosity which is produced, which we define as L uv (starburst). The fraction of
In order to use the results in Buat et al. (2007) with our relation in equation (1), we convert log νL ν (7.7 µm) to L ir using the empirical relation for starbursts in Houck et al. (2007) , log L ir = log [νL ν (7.7 µm)] -32.80±0.2 for L ir in L ⊙ and νL ν (7.7 µm) in ergs s −1 . With this transformation, equation (1) becomes
We use equation (2) to determine the fraction of emerging ultraviolet luminosity, L uv /L uv (starburst) = SFR(UV)/[SFR(UV) + SFR(PAH)], and show this in Figure 5 as a function of luminosity. Our result is compared to the same parameter for ultraviolet-selected galaxies using L uv /(L ir + L uv ) in Buat et al. (2007) . The slope of the luminosity dependence is very similar between the two results. Our relation from equation (2) is offset, however, by about a factor of two lower values of L uv /L uv (starburst). This offset implies a systematically higher extinction by a factor of two at all luminosities for our infrared-discovered sample compared to the extinction estimates from ultraviolet-selected sources.
There could be various reasons for the offset. Part could be produced if our equation for SFR(PAH) is incorrect compared to SFR(UV) and gives larger values for SFR. We concluded in section 3.2, however, that there is no offset between SFR(PAH) and SFR(radio). Another explanation is that the templates in Buat et al. (2007) are not purely starbursts, so -15 -ultraviolet luminosity from portions of a galaxy with less extinction may be included than is the case for the pure starbursts in the infrared sample. Finally, part of the excess extinction we find could also result from our selection based on infrared sources, which preferentially selects the most dusty starbursts. We make another test for this final selection effect in section 3.5, below.
Control Sample of Markarian Galaxies
All of the starbursts considered so far were selected because they have Spitzer infrared measurements, and most were discovered in Spitzer surveys at 24 µm. A concern is that this selection might lead to a selection effect which favors SFR(PAH) compared to SFR(UV). To test for such an effect, we utilize a sample of starbursts selected without regard to their infrared fluxes but selected instead because of unusually strong fluxes in the visible ultraviolet. This sample derives from the Markarian survey for "galaxies with strong ultraviolet continuum" (Markarian 1967) . It is the sample of 76 Markarian starbursts which have GALEX identifications among the Markarian galaxies defined as starbursts by Balzano (1983) using optical spectra which show only an HII spectrum with no indication of an AGN.
The optical colors and emission line properties of these Markarian sources are explained by the presence of a hot, young star population, and this list was the first compilation of a starburst galaxy sample following the original definition of this galaxy category (Weedman et al. 1981 ). This sample is a useful control sample because most of the Markarian starbursts also have mid-infrared measurements by IRAS and ultraviolet measurements with GALEX, although neither mission existed when the original sample was assembled. In Table 2 , the GALEX and IRAS data for these Markarian galaxies are given. For sources detected by GALEX but not by IRAS, the 3σ upper limit for f ν (25 µm) is taken as 65 mJy.
To adopt an infrared spectrum, we use starburst spectra such as those in Figure 2 which characterize the unbiased samples of Spitzer sources described in Weedman and Houck (2009) . For sources in that sample having 42 < log [νL ν (15 µm)] < 44, covering the luminosity range of most Markarian galaxies in Table 2 , the average spectrum has f ν (25 µm)/f ν (7.7 µm) = 2.6±1.2, which allows a transformation from f ν (25 µm) observed by IRAS to a value of f ν (7.7 µm). This allows the calculation of SFR(PAH) for the Markarian sample using the same relations used above for sources in Table 1 having observed values of f ν (7.7 µm). Results for SFRs are in Table 2 and the ratios SFR(PAH)/SFR(UV) are shown in Figure 6 .
Fitting all of the points and limits in Figure 6 yields the result: As for the infrared-selected starbursts in equation (1) and Figure 4 , the Markarian starbursts in Figure 6 also show a dependence of SFR(PAH)/SFR(UV) on luminosity, although the range of luminosities is less than for the infrared-selected starbursts in Figure 4 . Within the uncertainties of equations (1) and (3), the ratio SFR(PAH)/SFR(UV) has the same dependence on luminosity. At the median luminosity for Markarian galaxies in Figure 6 of log νL ν (7.7 µm) = 43, the log [SFR(PAH)/SFR(UV)] = 1.07. At this same luminosity, the infrared-selected starbursts in Figure 4 have from equation (1) This result indicates moderately less extinction in the Markarian galaxies; 8.5% of the ultraviolet luminosity escapes compared to only 5% which escapes the infrared-selected galaxies. These differences are small compared to the large extinctions which are observed in both samples. This means that extreme extinction in the ultraviolet is characteristic of all starbursts regardless of selection technique, so that choosing starbursts from infrared observations does not lead to a sample which is more heavily extincted by dust than choosing starbursts based on optical spectroscopic classifications. This comparison with Markarian galaxies is additional confirmation that an infraredselected sample of starbursts does not yield starbursts which are significantly dustier than other starbursts.
Summary and Conclusions
Star formation rates determined from infrared (Spitzer), ultraviolet (GALEX), and radio (VLA) indicators have been determined for 287 starburst galaxies with spectra from the Spitzer Infrared Spectrograph. We find that SFR(PAH) and SFR(radio) give the same values, but SFR(UV) is typically a factor of 50 less than SFR(PAH). This is an empirical measure of extinction in the ultraviolet.
The measure of starburst luminosity used for SFR(PAH) is νL ν (7.7 µm) for the peak luminosity of the 7.7 µm PAH feature. The measure of starburst luminosity for SFR(UV) arises from the observed continuum flux density at rest frame 153 nm. The ratio log SFR(PAH)/SFR(UV) has a median value of 1.67, with dependence on luminosity of form -17 -log [SFR(PAH)/SFR(UV)] = (0.53±0.05)log [νL ν (7.7 µm)] -21.49±0.18, for νL ν (7.7 µm) in ergs s −1 . Using the conversion we adopt between νL ν (7.7 µm) and L ir for starbursts, this becomes log [SFR(PAH)/SFR(UV)]= 0.53 log L ir -4.11, for L ir in L ⊙ .
These results indicate that SFRs determined with ultraviolet luminosities require extinction corrections by a factor of ∼ 10 for typical local starbursts, but this correction factor exceeds 700 for the most luminous starbursts at z ∼ 2.5. The trend of increasing extinction with increasing luminosity is similar to that reported previously for ultraviolet-selected galaxies, although our infrared-selected sample shows a systematically larger dust extinction by about a factor of two.
The extreme ultraviolet extinction explains why the most luminous starbursts discovered by Spitzer at z ∼ 2.5 are optically faint. These sources have log νL ν (7.7 µm) = 46. With the derived amount of extinction, the optical magnitude of a starburst at z ∼ 2.5 with a 1 mJy 7.7 µm feature should be V ∼ 25.6. SFR(PAH) and SFR(UV) are compared for a control sample of 76 Markarian starburst galaxies having ultraviolet fluxes in order to test for selection effects arising from our use of infrared-selected starbursts. The result indicates only moderately less extinction in the Markarian galaxies; 8.5% of the ultraviolet luminosity escapes galaxies compared to only 5% which escapes infrared-selected galaxies of the same luminosity log νL ν (7.7 µm) ∼ 43. This comparison with Markarian galaxies is additional confirmation that an infrared-selected sample of starbursts does not yield starbursts which are significantly dustier than other starbursts.
Overall results for SFR(PAH) indicate that infrared-discovered starbursts are not significantly dustier that starbursts of similar luminosity discovered in other ways. This means that conclusions derived from Spitzer samples of starbursts are generally applicable to understanding the evolution of star formation in the universe.
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d Flux density at peak of 7.7 µm PAH feature.
e Flux density at rest frame 153 nm interpolated with a power law between flux densities in the GALEX catalog measured with the FUV filter (134-179 nm) and the NUV filter (177-283 nm).
f Flux density at rest frame 1.4 Ghz observed with the VLA, usually within the FIRST survey, corrected from observed frame to rest frame 1.4 GHz by assuming a power law spectrum of index α = -0.7. Table  1 , shown as function of f ν (7.7µm) to illustrate that measured positional differences do not depend on brightness. Crosses are measured differences; triangles are sources with differences > 3 ′′ ; diamonds are BCD sources without PAH features. Median difference is 0.64 ′′ .
-37 - Fig. 2 .-Overplots of Spitzer IRS spectra for all 25 sources in the Spitzer 10 mJy sample of Weedman and Houck (2008) which have SDSS classifications as starburst (HII for SDSS classification, instead of any AGN classification). All spectra are normalized to f ν (7.7µm) = 1 mJy; uniformity of the PAH features among starbursts is illustrated by the small scatter in PAH strengths. Primary spectroscopic differences are among the slopes of the dust continuum underlying PAH features; representative fit to dust continuum shown by diagonal solid line. Strong PAH emission feature at 7.7 µm is feature used in text to measure SFR(PAH) using νL ν (7.7 µm).
